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[57) ABSTRACT

A catalyst layer is formed on the metallic surface of a
structure constructing a reactor by diffusing a develop-
able metal into the structure by the pack cementation
method and developing the diffused metal. The catalyst
layer 1s metallurgically combined with the structure, so
that it has excellent mechanical strength and heat con-
ductivity. Thus, by using the structure having the cata-
lyst layer as a heat exchanger type methanation reactor
it is possible to obtain a methanation reactor enabling an
extremely enhanced rate of reaction to be obtained with
superior operability and at great savings.

12 Claims, 3 Drawing Figures
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METHOD OF PRODUCING THIN LAYER
METHANATION REACTION CATALYST

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a method of producing a
Raney type thin layer catalyst metallurgically com-
bined with the surface of a structure.

2. Description of the Prior Art

Raney catalysts find extensive applications as catalyst
for hydration reactions of ethylenic linkage and metha-
nation reaction. The Raney catalyst is manufactured by
forming an alloy of a catalytic metal such as nickel,
cobalt, chromium and iron and an active metal such as
aluminum, magnesium and silicon and then dissolving
the active metal by means of an acid or alkali solution.
The most common Raney catalyst is manufactured by
pulverizing nickel-aluminum alloy with a nickel content
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of 30 to 50 weight percent into powder of a grain size of 20

150 to 200 mesh and immersing the powder in a caustic
soda solution of 3 normal concentration at 50° C for
developing aluminum.

This catalyst is in the form of porous particles having
dimensions on the order of atomic size. In use, it 1s
charged in a reactor and provides catalytic activity for
the reaction gas passing through the charged layer.

The most typical methanation reaction is one repre-
sented by CO + 3H,— CH, + H,O — AH = 49 kcal/-
mol. Since this reaction is an exothermic reaction, the
heat of reaction has to be removed to control the tem-
perature. Also, since the volume of the product system
is one half that of the reaction material system, the
pressure has to be increased to increase the reaction
speed. Accordingly, the ordinary methanation reaction
is carried out under high temperature high pressure
conditions of 300° to 600° C and 20 to 70 atm.

Where the afore-mentioned powder layer is used as
the catalyst, the removal of heat is very difficult. Ac-
cordingly, a dilution method is adopted as a means for
repressing the rise of temperature due to reaction heat.
The dilution method is one in which part of the product
gas is fed back to the material gas to thereby dilute the
material gas. Increasing the partial pressure of methane
in the gaseous phase reaction system a simultaneous
leads to increase in the heat capacity of the gaseous
phase and to a slippage in the balance of reaction, thus
restricting the production of methane and therefore
preventing a sudden temperature rise due to the reac-
tion heat. However, in order to restrict the reaction by
this method about 90 percent of the product gas has to
be recirculated, thus leading to a reduced yield and also
to an extreme increase in the size of the reactor system.

It has been proposed to carry out the methanation
reaction by using a heat exchanger type reactor having
the same construction as a heat exchange with a view to
maintaining a low reaction temperature for increasing
the rate of conversion into methane by directly remov-
ing the heat of reaction from the reaction system. For
example, this method resorts to a catalyst which 1s con-
stituted by the reactor tube wall.

Heretofore, the tubular catalyst consisting of Raney
nickel has been formed by coating powdery nickel-
aluminum alloy by sprayed metal coating over the outer
surface of a tube of a different material and subsequently
developing aluminum through treatment with alkali.

Since the methanation reaction is a high temperature
and high pressure reaction, however, a methanation
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reactor using as tubular catalyst a reactor tube provided
with a catalyst layer formed on the outer surface of the
tube is disadvantageous in that the whole apparatus
accommodating the reactor tube, the outer surface of
which is exposed to high temperature and high pres-
sure, must have a temperature-resistant pressure-bear-
ing structure so that the cost of the apparatus is high. In
addition, since the methanation reaction is an exother-
mic reaction producing a great deal of heat, the reaction
heat has to be removed as efficiently as possible. How-
ever, in the prior art construction where the reactor
tube has a catalyst layer on its outer surface and is
cooled on its inner, the reaction area is greater than the
cooling area and sufficient heat exchange therefore
cannot be obtained.

Further, in the sprayed metal coating of a high alumi-
num alloy such as Raney nickel, preferential oxidation
aluminum having a greater capability of oxidation takes
place to result in the formation of aluminum oxide at the
alloy surface. Thus, the peel-off resistance of the
sprayed metal coating layer is extremely low, that is, the
catalyst layer formed on the outer surface of the tube by
the sprayed metal coating method is very likely to peel
off.

If the catalyst layer is formed on the inner surface of
the tube, the cooling efficiency and peel-off resistance
can be increased compared to the case of an outer sur-
face catalyst layer. However, it is very difficult to form
a sprayed metal coating layer on the inner surface of a
tube of a diameter less than 50 millimeters with a
sprayed metal coating torch because of the shape
thereof. In cases where it is possible, manufacturing
costs are high.

In the meantime, it has been proposed to form a cata-
lyst layer on the inner surface of a tube by coating the
inner surface with a developable metal by means of
electroplating, vapor depositions or immersion in the
molten metal, subsequently diffusing the developable
metal into the catalytic metal through heat treatment
and then developing the catalyst layer. By this method,
however, a uniform catalyst layer cannot be obtained
unless a residual layer of non-diffused developable
metal is removed prior to the development, and the
removing operation is very troublesome. Further, fail-
ure of diffusion is likely to result depending upon the
state of boundary between the catalytic metal layer and
developable metal layer. Thus, it is very difficult to
form a uniform catalyst layer on the inner surface of a
tube of long length.

Summary of the Invention:

A first object of the invention is to provide a method
of manufacture of a catalyst structure carrying a thin
Raney catalyst layer of excellent heat conductivity.

A second object of the invention is to provide a met-
hanation reactor using a reactor tube, the surface of
which is constituted by the Raney catalyst.

A third object of the invention is to provide the pro-
duction method of a composite catalyst, which consists
of a base material in the form of a small diameter tube
having sufficient mechanical strength, and in which a
catalyst layer is formed on the inner surface of the tube
in metallurgically closely combined relation to the base
material.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a graph showing the depth-wise distribution
of the concentration of aluminum diffused in base mate-
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rial, with No. 3 and No. 6 indicating the number of
samples;

FIG. 2 is a microscopic photograph of a section of the
catalyst of sample No. 6; and

FIG. 3 is a schematic representation of a methanation
reaction process system set up as in accordance with the
invention, and in which material gas 1 is preheated by
cooling medium 2 in waste heat boiler 3, then super

heated in super heater 4 by product gas 5 and then
passed through purifiers 6, methanation reactor 7, car-

bon monoxide gas converter 8, cooling medium pre-
heater 9 and cooler 10 to obtain product gas 11.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The method of manufacture of Raney catalysts ac-
cording to the invention comprises the steps of diffusing
a developable metal into a surface portion of a metal
capable of conversion into a catalyst by the pack ce-
mentation method and then developing the diffused
metal through treatment with alkali or acid.

Since a metal capable of development is diffused into
a surface portion of a metal to be converted into a cata-
lyst by the pack cementation method, it is possible to
form a uniform catalyst layer, to form a catalyst layer
on the inner surface of 3 meters length tube which 1inner
diameter is above 5 millimeters, to freely control the
thickness of the catalyst layer and to use an alloy con-
taining a metal capable of conversion into a catalyst as
substrate for converting a surface portion thereof into
the catalyst.

Since the catalyst layer formed in this way is in close
metallurgical contact with the base metal, heat can be
readily removed from it through the base so that it 1s
possible to design a methanation reactor having high
cooling rate. This means that it is possible to design
reactors of various types meeting specific purposes, for
instance in which reaction gas and cooling medium are
passed on the respective inner and outer surfaces of the
tube, and in which reaction stages and cooling stages
are alternately laminated.

For the reaction process the conventional re-circula-
tion system or one-pass system may be adopted, and the
most economical system may be selected depending
upon the scale of the process and the present conditions
of the reaction.

The base metal for the thin layer catalyst according to
the invention contains at least one member of a group
consisting of nickel, copper, cobalt, manganese, chro-
mium and tin. Among these elements, nickel is superior
in catalytic performance. Nickel plates, tubes or wires
with purity of 99 percent or higher are preferred from
the standpoints of both catalytic activity and process-
ibility. However, they are disadvantageous with respect
to tensile strength which is about 45 kg/mm?2 at normal
temperature but which tends to fall sharply when the
temperature exceeds 400° C and which reduces to about
25 kg/mm?2 at 500° C. Accordingly, where high me-
chanical strength at high temperatures is required, nick-
el-chromium alloys, nickel-copper alloys and nickel-
chromiuni-iron alloys are used. However, with reduc-
tion of the nickel content the catalytic activity is corre-
spondingly reduced, and in this sense the nickel content
must be at least 30 percent by weight, more preferably
at least 50 percent by weight. Incidentally, it is possible
to substitute cobalt for a part of the nickel. Also, chro-
mium can be substituted though its activity is lower
than nickel. A preferred base material should contain at
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least 45 percent by weight of nickel, and exhibit a tensile

strength of no less than 35 kg/mm? and a percentage of
elongation of no less than 20 percent at 500° C.

Examples of the metal to be developed are aluminum,
silicon, zinc and magnesium. Of these elements, alumi-
num is the most preferred. When it is combined with
nickel, catalytic activity is obtained with a nickel-to-
aluminum atomic ratio of at least 0.3.

The diffusion of the metal for development into the
catalyst substrate metal is carried out by the pack ce-

mentation method. The pack cementation is effected by
contacting the catalyst substrate metal with a powder
mixture of the developable metal, powder of an inactive
sintering-proof carrier for the developable metal and
powder of an active agent such as ammonium chloride
in a non-oxidizing high temperature atmosphere. The
pack cementation method has the following advantages:

1. Since the surface of the catalyst substrate metal
contacts aluminum in the gaseous form, aluminum can
diffuse into the metal even from the surface thereof
which is not in perfect contact with the mixture.

2. The thickness and composition of the alloyed layer
can be readily controlled by controlling the composi-
tion of the mixture, heating temperature and heating
period and also through repeated diffusion. Also, thick-
ness of excellent uniformity can be obtained.

3. The superficies of alloyed layer is always smooth.

4. The processibility is superior.

If the grain size of the mixture is 150 mesh or less, it
has excellent fluidity and can readily fill small-diameter
tubes of about 3 millimeters in inner diameter and equiv-
alently narrow spaces. The heating is effected by plac-
ing the system in the closed state within an electric
furnace or, in case of a long tube, moving the external
heat source from one end to the other end of the tube.

The quantity of the developable metal powder in the
pack ranges from 1 to 50 percent by weight, more pref-
erably from 10 to 30 percent by weight. If the quantity
of the developable metal powder is insufficient, the
content of the developable metal in the diffusion layer 1s
liable to be too low to provide sufficient catalytic activ-
ity. On the other hand, if the quantity exceeds 50 per-
cent by weight, it is likely that particles of the develop-
able metal will sinter together to result in incomplete
diffusion or will lead to non-reusability of the pack after
re-adjustment.

The heating temperature and period of course have
bearing upon the thickness and composition of the diffu-
sion layer, so these conditions are previously deter-
mined through experimentation.

Regarding the thickness of the diffusion layer, 1t
should be neither too thin nor too thick. If the layer 1s
too thin, catalytic activity will not be obtained. On the
other hand, too thick a layer should be avoided because
it is likely to peel off due to internal stress and reduces
heat conductivity. The active catalyst layer has numer-
ous micropores ranging from several hundred to several
thousand A in diameter. The thickness of the catalyst
layer should be at least several times the micropore
diameter. In the methanation reaction or the like where
gas having comparatively small molecular diameter i1s
treated under high pressure, the catalyst layer should
have a considerable thickness since the reaction gas
readily reaches to a deep level. With the catalyst ac-
cording to this invention the adequate thickness is be-
tween 1 micron to 500 microns. The depth of diffusion
of the developable metal may be determined with 1.2 to
5 times the thickness of the catalyst layer to be formed
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as a criterion. The thickness of the diffusion layer is
determined by the content of the developable metal in
the pack, the heating temperature and period. For ex-
ample, in case of diffusing aluminum into nickel as cata-
lyst substrate metal by using a pack with an aluminum
content of 20 weight percent and at a heating tempera-
ture of 800° C, a diffusion layer with a thickness of
about 10 micron meters is obtained in a heating period
of about 10 minutes and a thickness of about 100 micron
meters in a heating period of about one hour. Thus, the
thickness of the diffusion layer can very readily be con-
trolled to a desired value.

The development of the developable metal is carried
out by using an alkaline or acidic aqueous solution or
the like suited to the metal to be developed. For exam-
ple, in case of a nickel-aluminum alloy the development
1s usually carried out by immersion in an aqueous solu-
tion containing 10 to 20 weight percent of caustic soda
and at a temperature of 50° to 80° C, followed by wash-
ing with water and then with alcohol. After the devel-
opment, the system 1s isolated from air. If it 1s found
necessary, the surface of the catalyst layer formed
through the development is oxidized to a very slight
extent, and immediately before the commencement of
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the methanation reaction 1t is activated for use by pass- 25

ing a reducing gas.

In case of rendering the inner surface of the tube
active, the solution is injected into the tube from the
lower open end thereby by means of a chemical pump,
and the liquid overflowing from the upper end of the
tube is re-circulated. Since a great quantity of hydrogen
gas 1s produced during the development, a gas separator
for separating the produced gas i1s provided at the over-
flow end of the tube.

While various types of reactors may be designed in
accordance with the invention, the structure that takes
fullest advantage of this inventions characteristics is a
reactor having a cooler construction with the catalyst
layer found on the inner surface of a tube and a cooling
medium adapted to flow over the outer surface of the
tube. The strength on the side of a shell within which a
cooling medium 1s sealed may be reduced if the mechan-
ical strength of the tube constituting the base of the
catalyst layer is sufficient to withstand the pressure at
the time of the methanation reaction. The diameter of
the tube is preferably as small as possible because the
smaller the inner diameter of the tube the higher the
pressure bearing resistance of the tube and the greater
the ratio of the cooling area to the gas quantity. Of

course, the invention may be realized by forming the 50

catalyst layer on the outer side of the tube. As another
example of the reactor that may be formed in accor-
dance with the invention, a plurality of plates are used
as base instead of a tube, with the plates each formed
with a catalyst layer on one side and stacked such that
reaction gas and cooling medium are passed through
alternate space between adjacent plates. In this case, the
non-reaction gas may be used as part of the cooling
medium by appropriately arranging the spaces.

Without hmiting this invention, the following exam-
ples are given to illustrate some preferred modes of the
invention. |

EXAMPLE 1.

99.8 Percent pure nickel tubes with an outer diameter
of 16 millimeters and a length of 1.2 meters were used.
Their outer surfaces were polished, and they were
washed with water and dried. Then, their opposite open
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ends were closed with plugs. As the pack cementation
apparatus, a sealed steel vessel provided only with an
exhausting means, inert gas introducing and exhausting
means and a heating means were used. The tube to be
treated is placed together with the pack within the
sealed vessel. Then, after pressure reduction the tem-
perature was raised while causing inert gas to flow.
After a predetermined temperature was attained, the
resultant state was maintained for a predetermined pe-
riod.

Table 1 below shows the composition of the packs
used and treating conditions as well as the depth of the
diffusion layer and concentration of diffused aluminum
by cutting each treated tube and polishing the cut sur-
face. |

Table 1
Diffusion

Pack compo- layer CH,

Sam- sition Al con- con-
ple NH,- Al,- Temp. Time Depth centra-  tent
No. Al (l 0O, CC) (min) (um) tion(%) (%)
1 60 rest 900 120 300 55 40
2 40 | rest 900 120 240 50 35
3 20 | rest 900 120 180 40 37
4 20 0.5 rest 300 60 45 40 34
5 20 0.5 rest 600 120 25 50 37
6 5 1 rest 900 120 100 30 30
7 5 i rest 1000 120 150 30 29
8 1 I rest 800 120. 10 20 2

The concentration of aluminum in the diffusion layer
was measured with an X-ray microanalyzer.

FIG. 1 shows the distribution of aluminum in samples
Nos. 3 and 6. |

FIG. 2 1s a microscopic photograph of the section of
sample No. 6.

It will be seen that the base metal and diffusion layer
are clearly distinguished from each other.

In sample No. 1 very shallow microcracls were lo-
cally formed at the diffusion layer surface. Although
the cracks offered no problems in the instant experi-
ments, they are not preferred over long periods of use.
In addition, aluminum powder agglomerates to form a
sintered body, so that it 1s difficult to re-use the pack.
With the packs in the other samples, the agglomeration
of aluminum was virtually unrecognized.

The developing treatment was carried out by immer-
ston in an aqueous solution containing 20% caustic soda
and at a temperature of 50° C for 120 minutes. After the
development, the system was washed well with water
and finally treated with ethanol.

The performance of the catalysts obtained in this
example was determined through methanation reaction
experiments. The experiment was carried out by secur-
ing the opposite ends of each tubular catalyst to a tube
support and causing a temperature controlling gas to
flow within the tube. Reaction gas was supplied from
one end of the shell, and the product gas was taken out
from the other end. The composition of sampled pro-
duced gas was analyzed through gas chromatography.
The conditions for the methanation reaction were as
follows: | |

Composition of the reaction gas: 8% CO + 25%

H,+ 67% H,O (H,O was added to restrict the
reaction temperature.)

Reaction temperature: 300° C (at the gas inlet)
Reaction pressure: 30 atm.

Reaction gas supply rate: 240 N 1/h.
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" Prior to the reaction, the oxidized catalyst layer was
reduced by causing hydrogen to flow into the reac-
tion system at 500° C for 2 hours. Then, by subse-
quently introducing the reaction gas into the reac-
tion system the temperature of the reactor increased 5
due to heat of the methanation reaction to obtain a
temperature of roughly 480° to 520° C over the
entire length of the reaction tube.

The product gas has dehydrated prior to the analysis
through gas chromatography. The right hand end col-

umn in Table 1 shows the content of methane gas in
percent. For the sake of reference, the product gas in
case of sample No. 3 had a composition consisting of
37% CH,, 51% H,, 1% CO and 11% CO;. This compo-
sition was nearly the theoretical equilibrium composi-
tion at 500° C.

10

15

EXAMPLE 2.

Carbon steel tubes 12 millimeters in inner diameter,
having been degreased, and were descaled by immers-
ing them in 3% hydrochloric acid at 40° C for one
minute, followed by neutralization and washing with
hot water and then with water at normal temperature.
Immediately thereafter, they were put into a chemical
nickel plating bath. Chemical nickel plating liquid was
forcibly supplied into the tube from one end thereof to
enhance the uniformity of the thickness of the plating
film on the inner surface of the tube. The plating liquid
used was chiefly composed of 0.2 mol/1 of nickel chlor-
ide, 0.2 mol/l of sodium hypophosphite and an un-
known concentration of complexing agent, and the
plating was carried out with pH of 4 and a temperature
of 90° to 95° C.
~ Sample No. 9 was subjected to plating for one hour,
and the thickness of the nickel plating film was 16 to 17
microns on both inner and outer surface of the tube.

Sample No. 10 was subjected to plating for 3 hours,
and the thickness of the plating film was 50 to 55 mi-
crons on the inner surface of the tube and 45 to 50 1
microns on the outer surface of the tube.

Then, each sample tube was filled with a powdery
pack (composed of 20% by weight of 35-mesh alumi-
num powder, 0.6% by weight of ammonium chloride
and 79.5% by weight of weight of 150-mesh alumina
powder) and was then closed at the opposite ends with
refractory brick covers, and then the atmospheric gas
was replaced with argon gas. Then, the system was
heated in a resistance wire heating furnace at 900° C for
2 hours.

In this heating treatment, aluminum was diffused into
the chemical nickel plating layer while at the time form-
ing an alloyed layer between the nickel plating layer
and carbon steel. In this way, a covering with a very
high peel-off resistance could be obtained.

For the development of the catalyst layer the system
was immersed in an aqueous solution containing 10%
by weight of caustic soda (at a temperature ranging
from 50° to 100° C) to cause dissolution of aluminum,
whereby catalytic activity was imparted to the nickel
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reaction system for the methanation reaction. The reac-
tion system employed was of the external heating type,
and in order to observe the activity of the catalyst layer
of the reaction tube according to the invention the reac-
tion tube was adiabatically by winding it with adiabatic
material with a thickness of 4 centimeters so that the
reaction can proceed adiabatically. At the end of the
adiabatic reaction H,O was added to the reaction gas to

suppress an increase in the reaction temperature.
The reaction gas was prepared by adding water to a
mixture gas composed of 25% H,; and 75% CO such

that the molar ratio of water to mixture gas was 2. The
rate of supply of the reaction gas was 40 l/h (in the

standard state).
About 50 minutes after causing the reaction gas to

flow a reactor tube internal pressure of 30 atm. and at a
temperature of 300° C, a substantially constant tempera-
ture was reached by the reactor tube. Analysis of the

product gas through gas chromatography revealed a
composition of 30 to 45% H,, 0.5 to 2% CO, 25 to 35%
CH, and 20 to 40% CO,. The rate of reaction was sub-
stantially identically with both the samples Nos. 9 and

10 of the reactor tubes.
EXAMPLE 3

Aluminum was diffused by the pack cementation
method under the same conditions as in Example 2 into
the inner surface of various tubes 6 to 12 millimeters in
inner diameter and having respective compositions
listed in Table 2 below.

Table 2
Chemical composition of tube (unit: % by weight)

Sample

No. C Si Cr Mn Co Ni Cu Mo Fe
11 003 — — —_ — 999 — — 0.02
12 0.41 148 24.87 1.51 — 35.0 —_— —_ rest
13 001 101 2037 056 — 78.6 — — rest
14 025 039 — 051 2305 75.8 — — rest
15 0.10 0.5 ~2 0.5 1.5 47.3 —_ 9 rest
16 005 033 — 064 — 66 324 — —

The tubes formed with the diffusion layer was subject
to tensile strength and elongation tests over a tempera-
ture range from normal temperature to 800° C by sam-
pling test pieces from the individual tubes.

The developing treatment and measurement of the
activity with respect to methanation reaction were car-

ried out after Example 2.
Table 3 below shows the results of tensile strength

and elongation tests on test pieces of the base having the
superficial diffusion layer, the thickness of the diffusion
layer and the content of methane in the methanation

reaction product gas.

layer. This catalyst layer, however, was very active and
capable of being readily oxidized, so that it had to be
stabilized for handling. For the stablization purpose, the
reactor tube after the development was dried in nitro-
gen gas, and then the nickel catalyst layer was slightly
oxidized in a nitrogen atmosphere containing 1% o0xy-
gen. -

Each of these reactor tubes obtained in this way was
mounted in a laboratory scale high pressure flow type

65

Table 3
Thick-
ness
. of dif- Meth-
Sam- Tensile strength (kg/mm?)/ fusion ane
ple Elongation (%) layer content
No. 20°C 200°C 400°C 500°C 800°C (pm) (%)
11 45/23 40/23 35720 28/17 8/9 180 37
12 54/21 50/23 45/25 42727 24/28 150 15
13 63741 63/43 63748 60/50 18/53 160 30
14 51721 46/23 41722 35720 15/19 180 33
15 80/43 75/50 71/50 68/45 38/30 150 22
16 62/46 58/43 55740 47/33 11/3 180 32

While many cracks were formed in the diffusion layer
with the deformation of the test piece during the tensile
strength test, the diffusion layer was not separated from
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the base metal, thus proving excellent peel-off resis-
tance. |

In case of sample No. 12 the nickel content 1n the base
material was 35 percent, and the catalytic activity for
the methanation reaction was inferior. Nearly the theo-
retical methane production rate could be obtained if the
nickel content was substantially 60 percent or above.

As long as the base material has a tensile strength of
35 kg/mm2or above and an elongation of 20% or above
at 500° C, the reactor does not require any reinforcing
material so that it is possible to design a reactor of a
simplified construction.

EXAMPLE 4.

FIG. 3 shows a processing system as an example of
the methanation reaction system according to the in-
vention. The material gas used is, for instance, a mixture
gas composed of carbon monoxide gas (CO) obtained
through gasification of coal and hydrogen gas obtained
through decomposition of naphtha, both these compo-
nent gases containing sulfur. The material gas 1 is pre-
heated in a waste heat boiler 3 with waste heat of cool-
ing medium 2, and it is then super heated in a material
gas over-heater 4 with waste heat of methane rich prod-
uct gas 5, followed by purification in purifying towers 6.
Since the purified material gas 1 i1s reduced in tempera-
ture due to purification, it is heated again in the waste
heat boiler 3 before it is supplied to the methanation
reactor 7, in which the methanation reaction takes place
to produce the methane rich product gas 3. Since the
methane rich product gas 5 is a high temperature gas at
about 500° C, its temperature is lowered by supplying it
to the over-heater 4 for over-heating the material gas 1.
Further, since it contains carbon monoxide gas (CO)
and is harmful to the human body, it is converted in a

carbon monoxide gas converter 8 into the harmless

carbon dioxide gas (CO,) through a reaction repre-
sented as

CO + Hzo — C02+ Hz,

thus obtaining the final product gas 11.

The final methane rich product gas 11 is still at a
considerably high temperature, so that its temperature
1s reduced through a cooling medium preheater 10 and
final through a cooler 10 down to about 40° C before it
is delivered as the final product gas 11. The supplied
cooling medium 2 is preheated in the preheater with the
waste heat of the product gas, and then after removing
a great deal of heat due to methanation reaction in the
methanation reactor 7 it is used for the super heating
and preheating in the waste heat boilers 3 and 1s thus

reduced in temperature down to the neighborhood of
room temperature. |

The methanation reactor 7 used had a construction

comprising the tubular reactor of sample 13 in Example

3, having the catalyst formed on the inner tube wall,
which was welded to a non-annealed steel tube support
such that the cooling gas flowed on the shell side.

As has been shown in the above the meéthanation
reaction furnace according to the invention has an ad-
vantage that the heat loss is very small for the heat
produced due to the methanation reaction is used for
perheating and over-heating of the material gas. Be-
sides, the equipment cost is low since the high pressure
zone of the reactor is constituted by the interior of the
pipe. Further, the heat exchange capacity of the reactor
1s so high that nearly the theoretical yield of product gas
can be obtained with a single pass of the reaction gas,
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i.e., without recirculation thereof. Furthermore, since

the catalyst layer is carried in the form of a thin film on
the metal tube, a preset temperature condition can be
reached in a very short time. This means that the start
and stop of the system can be controlled readily and
quickly.

What is claimed is:

1. A method of producing a2 methanation reaction
catalyst comprising forming an aluminum diffusion
layer on the inner surface of a tube of an alloy contain-
ing at least 45% by weight nickel and having a tensile
strength of at least 35 kg/mm? and an elongation of at
least 20% at 500° C. by heating said tube together with
a powdery pack comprising an aluminum powder in an
amount of 1 to 50 percent by weight, ammonium chlor-
ide as an active agent and a heat-resistant inactive car-
rier for preventing agglomeration of said aluminum
powder, said pack being charged into the interior of
said tube, and developing said aluminum diffusion layer
with an alkaline solution.

2. The method according to claim 1, wherein said
inactive carrier is alumina, and said charged tube is
heated in a non-oxidizing atmosphere.

3. The method according to claim 2, wherein the
powdery pack comprises 40% aluminum, 1% ammo-
nium chloride, and a balance of alumina, said charged
tube being heated for 120 minutes at 900° C.

4, The method according to claim 3, wherein the
powdery pack comprises 20% aluminum, 1% ammo-
nium chloride, and a balance of alumina, said charged

tube being heated for 120 minutes at 900" C.

5. The method according to claim 3, wherein the
powdery pack comprises 20% aluminum, 0.5% ammo-
nium chloride, and a balance of alumina, said charged
tube being heated for 60 minutes at 300" C.

6. The method according to claim 3, wherein the

powdery pack comprises 20% aluminum, 0.5% ammo-
nium chloride, and a balance of alumina, said charged
tube being heated for 120 minutes at 600° C.
7. The method according to claim 3, wherein the
powdery pack comprises 5% aluminum, 1% ammonium
chloride, and a balance of alumina, said charged tube
being heated for 120 minutes at 900° C.

8. The method according to claim 3, wherein the
powdery pack comprises 5% aluminum, 1% ammonium
chloride, and a balance of alumina, said charged tube
being heated for 120 minutes at 1,000° C.

9. The method according to claim 3, wherein the
powdery pack comprises 1% aluminum, 1% ammonium
chloride, and a balance of alumina, said charged tube
being heated for 120 minutes at 800" C.

10. The method according to claim 2, wherein the
alkaline solution is an aqueous solution of caustic soda at
a temperature of from 50° to 80° C.

11. The method according to claim 1, wherein said
aluminum diffusion layer has an aluminum to nickel
atomic ratio of at least 0.3.

12. A method of producing a methanation reaction
catalyst comprising a step of forming an aluminum dif-
fusion layer on the inner surface of a tube containing at
least 45% by weight of nickel and exhibiting a tensile
strength of not less than 35 kg/mm? and an elongation
of not less than 20 percent at 500° C., by heating said
tube together with a powdery pack comprising 1 to 50
percent by weight of aluminum, an aluminum oxide as
an inactive component and ammonium chloride as an
active component, said powdery pack being charged
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into the interior of said tube, a step of developing said
aluminum diffusion layer with an alkaline solution to
form an active catalyst layer of 1 to 500 microns thick-
ness, and a step of oxidizing the surface of said active

12

~ catalyst layer in a nitrogen atmosphere containing Oxy-
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 gen whereby the oxidized surface of the active catalyst

layer is easily reduced in an operating atmosphere.
* % %k % Xk
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